CD73 is a cell-surface enzyme that suppresses immune responses by producing extracellular adenosine. In this study, we employed CD73 gene-targeted mice to investigate the role of host-derived CD73 on antitumor immunity and tumor cell metastasis. We found that CD73 ablation significantly suppressed the growth of ovalbumin-expressing MC38 colon cancer, EG7 lymphoma, AT-3 mammary tumors, and B16F10 melanoma. The protective effect of CD73 deficiency on primary tumors was dependent on CD8 þ T cells and associated with an increased frequency of antigen-specific CD8 þ T cells in peripheral blood and tumors and increased antigenspecific IFN-g production. Replicate studies in bone marrow chimeras established that both hematopoietic and nonhematopoietic expression of CD73 was important to promote tumor immune escape. Using adoptive reconstitution of T regulatory cell (Treg)-depleted DEREG (depletion of regulatory T cells) mice, we demonstrated that part of the protumorigenic effect of Tregs was dependent on their expression of CD73. CD73-deficient mice were also protected against pulmonary metastasis of B16F10 melanoma cells after intravenous injection. Unexpectedly, we found that the prometastatic effect of host-derived CD73 was dependent on CD73 expression on nonhematopoietic cells. CD73 expression on nonhematopoietic cells, most likely endothelial cells, was critical for promoting lung metastasis in a manner independent from immunosuppressive effects. Notably, in vivo blockade of CD73 with a selective inhibitor or anti-CD73 monoclonal antibody significantly reduced tumor growth and metastasis of CD73-negative tumors. Taken together, our findings indicate that CD73 may be targeted at multiple levels to induce anticancer effects including at the level of tumor cells, Tregs, and nonhematopoietic cells. Cancer Res; 71(8); 1-9. Ó2011 AACR.
Introduction
The release of extracellular ATP by phagocytes and injured or stressed cells acts as a proinflammatory coactivator of the inflammasome via P2x7 receptor signaling (1, 2) . In contrast, the phosphohydrolysis of extracellular ATP into adenosine, essentially through the enzymatic activity of CD39 (NTPDase I) and CD73 (ecto-5 0 -nucleotidase), acts as an immunosuppressive pathway through the activation of adenosine receptors (3) (4) (5) (6) . In the context of cancer, landmark studies by Sitkovsky and colleagues have demonstrated that the accumulation of extracellular adenosine in tumors suppresses antitumor immune responses, essentially via the activation of A2A adenosine receptors (7, 8) . Extracellular adenosine levels are generally constant in most tissue but can rapidly increase in response to hypoxia and chronic inflammation (9) . The process of extracellular adenosine accumulation in solid tumors has been recently reviewed (3) . The accumulation of extracellular adenosine in tumors generates an immunosuppressive microenvironment that effectively enhances tumor immune escape. Activation of A2A adenosine receptors on T cells has been shown to inhibit T-cell-mediated cytotoxicity, cytokine production (10) and T-cell proliferation (11, 12) and to promote T-cell anergy (13) .
The importance of A2A adenosine receptors in regulating antitumor immunity was first revealed by Ohta and colleagues who demonstrated that mice genetically deficient in A2A adenosine receptors spontaneously rejected immunogenic tumors in a mechanism involving increased CD8 þ T-cell responses (8) . We have recently demonstrated that one of the mechanisms contributing to the immunosuppressive accumulation of extracellular adenosine in tumors is the expression of CD73 by tumor cells (14) . CD73 is a glycosylphosphatidyl-inositol (GPI)-linked cell-surface enzyme constitutively expressed on endothelial cells, Foxp3 þ T regulatory cells (Treg) and subsets of leukocytes, and is considered as the ratelimiting enzyme in the production of extracellular adenosine (15, 16) . CD73 expression is induced by HIF-1a (hypoxiainducible factor) activation, exposure to type I IFNs as well as activation of Wnt signaling (17, 18) . CD73 is found expressed in several types of cancer (3) and has been associated with increased glioma cell proliferation (19) . Intriguingly, CD73 expression is negatively regulated by estrogen receptor (ER) signaling (20 (21) . While the immunosuppressive effects of CD73 expression on tumor cells have recently been studied, the effects of hostderived CD73 on antitumor immunity and tumor cell metastasis have not been investigated. In the non-hematopoietic compartment, CD73 is mainly expressed on endothelial cells and high endothelial venules (HEV), where it regulates leukocyte extravasation in peripheral organs (22) and inhibits inflammation-induced lymphocyte migration into draining lymph nodes, respectively (22) . In hematopoietic cells, CD73 is most highly expressed on Foxp3 þ
CD4
þ Tregs and contributes to their immunosuppressive functions (11, 23) . CD73 can also be found on effector T and B cells at lower expression levels. We here report that CD73-deficient mice are significantly protected against the development of subcutaneous tumors and experimental lung metastases. We demonstrated that CD73 expression on nonhematopoietic and hematopoietic cells significantly restricts CD8 þ T-cell-mediated antitumor immunity. Most importantly, we provide evidence that CD73 expression on Tregs is important for Treg-mediated tumor growth. Unexpectedly, we observed that CD73-deficient mice were significantly protected against the development of B16F10 lung metastases in a mechanism that was independent of CD73 expression on hematopoietic cells and independent of its immunosuppressive effects. We here propose that targeted inhibition of host-derived CD73 can enhance antitumor immune responses by inhibiting Treg-mediated tumor growth and prevent the development of distant metastases.
Materials and Methods
Cell lines, mice, and antibodies All mice were bred and maintained at the Peter MacCallum Cancer Centre. EG7, MC38-ova, AT-3, and B16F10 mouse tumor cell lines have been previously described (24) (25) (26) (27) 
In vivo treatments
EG7, MC38-ova, AT-3, and B16F10 tumor cells were injected subcutaneously into syngeneic C57BL/6 wild-type, CD73-deficient, or DEREG mice at the indicated doses. The following mAbs were injected intraperitoneally at 100 mg per dose at the indicated time points: anti-asialoGM1 (Wako Chemicals), anti-CD8, anti-CD4, anti-CD73, and control Ig. B16F10 cells were injected intravenously at the indicated dose and lung metastases were counted under dissecting microscope 2 weeks later after fixation in Bouin's solution. Where indicated, mice were treated with a,b-methyleneadenosine BM cells derived from congenic wild-type or CD73-deficient mice. BM chimera mice were housed in microisolators for 8 weeks before analysis and experimentation.
Treg reconstitution and suppression assay CD4 þ CD25 þ T cells were isolated from the spleens of wildtype and CD73-deficient mice using a mouse Treg-isolation kit and AutoMACS (Miltenyi) according to the manufacturer's instructions. Cells were at least 90% pure as determined by flow cytometry. DEREG mice were injected with 1 mg of diphtheria toxin (DT) intraperitoneally 3 days prior to intravenous injection of 2 Â 10 6 purified Tregs, and then with 500 ng of DT on days 0 and 7. For suppression assays, accessory CD4
À cells, T effector cells (CD4 þ CD25 þ ), and 
Tumor-infiltrating lymphocytes
EG7 tumors were excised, minced with scissors, and incubated 1 hour at 37 C for in PBS containing collagenase type 4 (Worthington Biochemical) and DNase I (Roche). Tumor cell suspensions were passed through a 70-mm cell strainer, washed twice in PBS, and resuspended in PBS 2% serum for flow cytometric analysis. Anti-CD16/32 mAb (clone 2.4G2) was used to block Fc receptors. Flow cytometry was performed on a LSR II (BD Bioscience) and analyzed using the software program FCS Express.
IFN-g release assays
EG7 cells (10 6 ) were injected in the footpad of wild-type and CD73-deficient mice and 5 days later, popliteal lymph node cells were harvested, plated in 96 U-well plates (3 Â 10 5 cells per well), and restimulated with 1 mg/mL ova protein (Sigma). Cell supernatants were harvested 72 hours later and IFN-g levels measured by ELISA (eBioscience).
Results

CD73-deficient mice are resistant to primary tumor growth
To investigate the contribution of host-derived CD73 on tumorigenesis, we first compared the growth rate of various syngeneic tumors in wild-type and CD73-deficient mice. MC38-ova, EG7, AT-3, and B16F10 tumor cells were injected subcutaneously into wild-type and CD73-deficient mice and tumor size monitored over time. As shown in Figure 1 , CD73-deficient mice were greatly resistant to the growth of subcutaneous MC38-ova and EG7 tumors. In comparison, CD73-deficient mice were more modestly resistant to subcutaneous AT-3 and B16F10 tumors (Fig. 1) . Notably, tumor resistance did not correlate with CD73 expression on tumor cells (Supplementary Fig. S1 ).
Because of the immunosuppressive function of CD73, we next assessed whether tumor resistance of CD73-deficient mice was mediated by an increased antitumor immune response. For this purpose, CD73-deficient mice were injected with depleting antibodies against CD8 þ , CD4 þ , or natural killer (NK) cells and subsequently injected with MC38-ova or EG7 tumor cells. As shown in Figure 2A , the resistance of 
CD73-deficient mice toward MC38-ova tumors was dependent on CD8
þ T cells, but independent of CD4 þ T cells or NK cells.
Similar results were obtained for EG7 tumors ( Supplementary  Fig. S2A ). Notably, CD73-deficient mice were not significantly resistant to parental MC38 tumors, which lack ova and are thus less immunogenic than MC38-ova tumors. The increased immunogenicity of MC38-ova tumors is evidenced by their ability to generate endogenous CD8 þ T-cell-mediated control, which is not observed for parental MC38 tumors (Supplementary Fig. S2B and C). Our data thus suggest that host-derived CD73 is important in suppressing existing CD8 þ T-cellmediated antitumor responses.
We next compared the systemic frequency, tumor infiltration, and function of antigen-specific CD8 þ T cells in CD73-deficient and wild-type mice. Flow cytometric analysis revealed that tumor-bearing CD73-deficient mice had an increase proportion of tumor-specific CD8 þ T cells in peripheral blood (Fig. 2B) . Tumor-specific CD8 þ T cells were also found more abundantly infiltrated in the tumors of CD73-deficient mice (Fig. 2C) . In contrast, tumor infiltration by Foxp3 þ CD4 þ Tregs was similar in CD73-deficient and wildtype mice (Fig. 2D) . Consistent with an increased CD8 þ T-cellmediated antitumor immune response, antigenic restimulation of tumor-draining lymph node cells isolated from tumor-bearing CD73-deficient mice generated significantly greater IFN-g production compared with restimulation of wild-type tumor-draining lymph node cells (Fig. 2E) .
CD73 is expressed on hematopoietic and nonhematopoietic cells. To further assess the contribution of CD73 expression on hematopoietic versus nonhematopoietic cells, we generated CD73 BM chimera mice. BM reconstitution was confirmed by flow cytometric analysis 8 weeks after BM cell injection and before tumor cell inoculation (Supplementary Fig. S3 ). As shown in Figure 2F , CD73 expression on either hematopoietic or nonhematopoietic cells significantly enhanced MC38-ova tumor growth, whereas CD73 expression in both hematopoietic and nonhematopoietic cells was most effective. Our data thus suggest that hematopoietic and nonhematopoietic expression of CD73 promotes tumor immune escape.
CD73 expression on Tregs is critical for Treg-mediated tumor growth
In hematopoietic cells, CD73 is most highly expressed on activated Foxp3 (Fig. 3A) . This is consistent with other studies that demonstrated that Tregs partly rely on CD73-mediated production of extracellular adenosine for immunosuppression (11, 23, 28, 29) . Nevertheless, the importance of CD73 in Tregmediated tumor growth remains unknown. To assess the role of CD73 expression by Tregs during tumor growth, we first compared the tumor-promoting effects of Tregs in wild-type and CD73-deficient mice. As shown in Figure 3B , anti-folate (30) significantly abrogated MC38-ova tumor growth. In contrast, Treg depletion in CD73-deficient mice had no effect. This suggested that Tregs in CD73-deficient mice failed to promote tumor growth. We hypothesized that this was due to the fact that Tregs and host-derived CD73 had overlapping protumorigenic effects; that is, CD73 expression on Tregs was important for tumor growth. To directly assess this, we used transgenic DEREG mice, which express a DT receptor under Foxp3 promoter that allows for the complete depletion of Foxp3 þ Tregs after DT injection (30, 31) . As shown in Figure   3B and C, neutralization of CD73 induced comparable antitumor effects to Treg depletion with anti-FR4 mAb, and CD73 neutralization was slightly less effective than total Treg ablation with DT. Taken together, these results were consistent with the presence of overlapping protumorigenic effects between Tregs and host-derived CD73.
We next performed adoptive cell reconstitution of Tregdepleted DEREG mice with purified CD4 þ CD25 þ Tregs isolated from wild-type or CD73-deficient mice. Flow cytometric analysis confirmed adoptive cell reconstitution (Supplementary Fig. S5 ). As shown in Figure 3D , only DEREG mice reconstituted with wild-type Tregs, but not DEREG mice reconstituted with CD73-deficient Tregs, could effectively support MC38-ova tumor growth. Taken together, our data demonstrated that in the MC38-ova tumor model, part of the protumorigenic effect of Tregs is dependent on CD73 expression by Tregs.
CD73-deficient mice are resistant to B16F10 lung metastasis
We next investigated the susceptibility of CD73-deficient mice to develop experimental lung metastases following intravenous injection of CD73-negative B16F10 melanoma cells. As shown in Figure 4A , CD73-deficient mice were significantly resistant to the development of B16F10 lung metastases. Accordingly, CD73-deficient mice developed 3-to 4-fold less metastatic lung nodules after intravenous injection of B16F10 cells. Unexpectedly, this resistance was maintained in NK-cell-depleted or T cell-depleted CD73-deficient mice (Fig. 4A) . This suggests that host-derived CD73 promotes B16F10 lung metastasis independently of its immunosuppressive effect on NK cells. To further assess the mechanism of resistance of CD73-deficient mice against experimental metastasis, BM chimera mice were used. As shown in Figure  4B , the lack of CD73 expression on nonhematopoietic cells was largely responsible for the resistance of CD73-deficient mice against experimental B16F10 lung metastasis. Our data suggest that CD73 expression on nonhematopoietic cells--essentially endothelial cells-enhances the metastatic potential of circulating tumor cells.
CD73-targeted therapy inhibits the growth and metastasis of CD73-negative tumors
We further assessed the therapeutic activity of CD73-targeted therapy against CD73-negative tumors. Consistent with the therapeutic effect observed against MC38-ova tumors (Fig. 3C) , treatment of EG7 tumors with the CD73 inhibitor APCP also induced significant antitumor effect (Fig. 5A) . We then assessed the therapeutic activity of CD73 inhibition on the development of B16F10 lung metastases after intravenous tumor cell injection. As shown in Figure 5B , inhibition of CD73 with APCP or anti-CD73 mAb significantly suppressed the development of B16F10 lung metastases in wild-type mice. Notably, only when CD73 was blocked prior to B16F10 cell injection, and not after B16F10 cell injection, was the development of lung metastases suppressed. This further supports the concept that CD73 expression on endothelial cells promotes tumor cell metastasis. Taken together, our data suggest that inhibition of host-derived CD73 can effectively suppress tumor growth as well as the metastatic potential of circulating tumor cells.
Discussion
We have previously shown that CD73 expression on breast cancer cells significantly inhibits adaptive tumor immunosurveillance (14) . The objective of this study was now to investigate the role of host-derived CD73 on tumorigenesis. We here demonstrated that (i) CD73-deficient mice are resistant to the development of immunogenic tumors in a CD8 A recent study by Sun and colleagues (34) investigated the role of host-derived CD39 on tumor growth and tumor cell metastasis. Consistent with our study, Sun and colleagues (34) demonstrated that B16F10 metastasis was strongly inhibited in mice with CD39-deficient nonhematopoietic cells. However, B16F10 metastasis was also inhibited in mice with CD39-deficient hematopoietic cells, in contrast to what we observed for CD73. Sun and colleagues (34) demonstrated that Tregs inhibit NK-cell-mediated antitumor functions in a mechanism dependent on CD39 expression. In contrast, we showed that host-derived CD73 promotes B16F10 metastasis independently of its effect on NK cells. Since both studies were performed with the same tumor model, this suggests the presence of distinct nonredundant prometastatic effects for host-derived CD39 and host-derived CD73. Further studies should clarify the mechanism by which nonhematopoietic expression of CD73 promotes lung metastasis. Our hypothesis is that endothelial CD73 expression may promote transendothelial migration of tumor cells. While endothelial CD73 can decrease leukocyte attachment and migration into draining lymph nodes (22) , it can also promote endothelial extravasation in pathologic conditions. Accordingly, decreased T-cell extravasation was recently suggested as the cause of resistance of CD73-deficient mice to experimental autoimmune encephalomyelitis (35) . Through the production of extracellular adenosine and the activation of adenosine receptors on endothelial cells, Mills and colleagues (35) suggested that endothelial CD73 can enhance expression of adhesion molecules and transendothelial migration.
In conclusion, whereas the immunosuppressive effects of tumor-derived CD73 have recently been studied, the effects of host-derived CD73 on antitumor immunity have not been addressed. We here demonstrated an important role for CD73 expression on Tregs for the suppression of adaptive antitumor immune responses. Together with other studies, this suggests that the combined activity of CD39 and CD73 is a key component of Treg-mediated suppression. We also demonstrated an important role for CD73 expression on nonhematopoietic cells, presumably endothelial cells, on the metastatic potential of circulating tumor cells. Finally, we demonstrated that CD73 inhibition significantly inhibits the growth and metastatic potential of CD73-negative tumor cells. We propose that CD73 may be targeted at multiple levels to induce anticancer effects.
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